Accumulating evidence is redefining the importance of neuron-glial interactions at synapses in the CNS. Astrocytes form "tripartite" complexes with presynaptic and postsynaptic structures and regulate synaptic transmission and plasticity. Despite our understanding of the importance of neuron-glial relationships in physiological contexts, little is known about the structural interplay between astrocytes and synapses. In the past, this has been difficult to explore because studies have been hampered by the lack of a system that preserves complex neuron-glial relationships observed in the brain. Here we present a system that can be used to characterize the intricate relationship between astrocytic processes and synaptic structures in situ using organotypic hippocampal slices, a preparation that retains the three-dimensional architecture of astrocyte-synapse interactions. Using time-lapse confocal imaging, we demonstrate that astrocytes can rapidly extend and retract fine processes to engage and disengage from motile postsynaptic dendritic spines. Surprisingly, astrocytic motility is, on average, higher than its dendritic spine counterparts and likely relies on actin-based cytoskeletal reorganization. Changes in astrocytic processes are typically coordinated with changes in spines, and astrocyte-spine interactions are stabilized at larger spines. Our results suggest that dynamic structural changes in astrocytes help control the degree of neuron-glial communication at hippocampal synapses.
Introduction
Structural modifications to cellular components are critical for establishing and remodeling connections within the nervous system. Recent studies have offered unprecedented views of structural changes at neuromuscular (Walsh and Lichtman, 2003; Bishop et al., 2004) and central (Dailey and Smith, 1996; Fischer et al., 1998; Dunaevsky et al., 1999; Niell et al., 2004) synapses and have instigated numerous investigations into the structural plasticity of neural connectivity. Interestingly, synapses in the CNS undergo morphological rearrangements even into adulthood (Grutzendler et al., 2002; Trachtenberg et al., 2002; Holtmaat et al., 2005; Zuo et al., 2005) . In particular, dendritic spines, the small protrusions on dendrites that receive glutamatergic innervation, can change their geometry within minutes, providing rapid adjustments to postsynaptic ionic balance (Korkotian and Segal, 1998; Volfovsky et al., 1999) , protein trafficking (Richards et al., 2004) , and signaling events that regulate synaptic efficacy (Segal, 2005) . Indeed, enlargements and reductions in spine size correlate with long-term potentiation (LTP) and long-term depression, respectively (Matsuzaki et al., 2004; Nagerl et al., 2004; . Thus, proper control over synaptic structure may be essential for the coding of information in the brain. Consistent with this, abnormalities in spine density and architecture are associated with neurological diseases, especially those involving mental retardation (Kaufmann and Moser, 2000) .
Surprising roles for glial cells in synapse development and physiology have recently emerged (Castonguay et al., 2001; Haydon, 2001; Volterra and Meldolesi, 2005) . During synaptogenesis, glial cells release cholesterol and thrombospondins to increase synapse number and maturation (Ullian et al., 2001; Christopherson et al., 2005) . Later, astrocytes define extracellular neurotransmitter levels, buffer the extracellular milieu, and propagate Ca 2ϩ signals (Haydon, 2001) . Astrocytes also contain machinery for vesicular-mediated release of "gliotransmitters," including glutamate, ATP, and D-serine, which modulate synaptic function (Volterra and Meldolesi, 2005; . Despite our knowledge of the physiological connections between astrocytes and neurons, little is known about their morphological interactions. At the ultrastructural level, astrocytes and synapses are intimately associated in the hippocampus (Ventura and Harris, 1999) . Astrocytic processes also prefer to localize near dendritic spines versus presynaptic terminals (Lehre and Rusakov, 2002) , indicating a complex interplay between astrocytes and the postsynaptic surface.
Intriguingly, astrocytes display morphological rearrangements in acute brainstem and organotypic hippocampal slices (Hirrlinger et al., 2004; Benediktsson et al., 2005; Haber and Murai, 2006) . However, the details behind this motility and, importantly, its relationship to the structural plasticity of spines remain to be clarified. Here we characterize astrocyte-synapse interactions in situ by simultaneous manipulation of neurons and glia in hippocampal slices. Astrocytes show striking remodeling behavior over minutes, display elaborate process extension and retraction, and likely use the actin cytoskeleton for motility. Furthermore, astrocytic processes show cooperative motility with spines and can rapidly redefine their proximity to the synapse. These studies unveil the dynamic exchange that occurs between astrocytes and central synapses and suggest that concerted structural plasticity of both neurons and glia plays a role in synaptic function.
Materials and Methods
Semliki Forest virus plasmid construction and virus preparation. For expressing fluorescent proteins in hippocampal slices, Semliki Forest virus (SFV) constructs were created (Ehrengruber et al., 1999) . Genes for farnesylated enhanced green fluorescent protein (EGFPf) (Clontech, Cambridge, UK) and farnesylated red fluorescent protein (RFPf) were cloned into Semliki Forest virus vectors. The genes were cloned into SFV PD for expression in neurons or into SFV A7 for expression in astrocytes after the viral nonstructural proteins and the subgenomic promoter. Farnesylated monomeric RFP (mRFP) was created by cloning the farnesylation sequence of Ha-Ras onto the C terminus of mRFP (from R. Tsien, University of California, San Diego, La Jolla, CA) in pcDNA3. Membrane targeting was confirmed by transfecting the construct into COS7 cells and comparing the subcellular localization with cytoplasmic mRFP. Significant improvement over mRFP in the delineation of fine cellular processes was achieved with RFPf. Viral particles were created by cotransfecting SFV vectors with a viral packaging vector into baby hamster kidney cells (DiCiommo and Bremner, 1998) . At 72 h after transfection, cell media were collected and purified on a sucrose gradient (20 and 55% w/v) by ultracentrifugation. Fractions containing viral particles were then diluted with PBS and concentrated using a high-molecular-weight cutoff filter column (Amicon, Beverly, MA) and low-speed centrifugation. Viral particles were resuspended in ice-cold PBS and activated by chymotrypsin (10 mg/ml), followed by aprotinin (10 mg/ml) treatment. Viruses were injected into hippocampal slices with a Picospritzer (General Valve, Fairfield, NJ).
Tissue preparation and hippocampal slice culture. For diolistic labeling of neurons and astrocytes in the hippocampus, 300 m hippocampal slices were created using a McIllwain tissue chopper (Stoelting, Kiel, WI) and immediately fixed in 4% paraformaldehyde/0.1 M PO 4 2Ϫ buffer for 30 min. Tungsten particles (1.3 m) (Bio-Rad, Hercules, CA) carrying the lipophilic dyes DiI or DiO (Invitrogen, Carlsbad, CA), were prepared as described previously (Gan et al., 2000) . Particles were coated onto the inner lining of plastic cartridges, loaded into a Helios Gene Gun (BioRad), and propelled into hippocampal slices at 120 psi. The dyes were allowed to transport within slices for 16 h in fixative before imaging by confocal microscopy.
Organotypic hippocampal slices were prepared as described previously (Stoppini et al., 1991; Murai et al., 2003) . Briefly, 300 m slices from postnatal day 6 -7 mouse pups were made using a McIllwain tissue chopper (Stoelting) and transferred onto semiporous tissue culture inserts (0.3 m pore size; Millipore, Bedford, MA) containing media (50% minimum essential medium, 25% horse serum, 25% HBSS, 6.5 mg/ml D-glucose, and 0.5% penicillin/streptomycin, pH ϳ7.2). Media were replaced every 2 d, and slices were cultured for 1-3 weeks before viral gene delivery. At 16 -20 h after infection, slices were either fixed for static confocal imaging or used for time-lapse imaging experiments.
Immunofluorescence on hippocampal slices. Immunofluorescence on hippocampal slices was performed as described previously (Murai et al., 2003) . Briefly, membranes containing slices were cut out from plastic inserts, fixed in 4% paraformaldehyde/0.1 M PO 4 2Ϫ buffer for 30 min, washed for 5 min in Tris-buffered saline (TBS), blocked in 10% goat serum (Jackson ImmunoResearch, West Grove, PA) in TBS containing 0.1% Triton X-100 (TBS-T), and incubated with primary monoclonal antibodies overnight. The following antibodies were used: GFAP (monoclonal; Sigma, St. Louis, MO); neurofilament (monoclonal; from V. Lee, University of Pennsylvania, Philadelphia, PA); NG2 (rabbit polyclonal; Chemicon, Temecula, CA); cyclic nucleotide 3Ј-phosphodiesterase (CNP) (monoclonal; Sigma); MBP (monoclonal; Sternberger Monoclonals, Lutherville, MD); and glutamate transporter-1/excitatory amino acid transporter-2 (GLT-1/EAAT-2) (rabbit polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA). The next day, slices were washed four times for 30 min each with TBS-T before incubation with either goat antimouse or anti-rabbit Alexa-568 or Alexa-647 (Invitrogen, Carlsbad, CA). Slices were then washed four times for 30 min and then imaged with confocal microscopy. Immunostaining using a monoclonal antibody against synaptophysin (Sigma) was essentially the same as described above, but 0.2% Triton X-100 was used in the blocking and washing steps.
Static and time-lapse confocal imaging. Static confocal imaging was performed using an Ultraview spinning disk confocal system (PerkinElmer, Wellesley, MA) connected to an Eclipse TE2000 (Nikon, Tokyo, Japan) equipped with a 60ϫ oil immersion lens (1.25 numerical aperture with 1.5ϫ optical zoom; Nikon). Z-stacks were collected using MetaMorph imaging software (Molecular Devices, Palo Alto, CA) and deconvoluted in three dimensions using Autodeblur software (AutoQuant, Media Cybernetics, Silver Spring, MD). A calculated pointspread function optimized for spinning disk confocal microscopy was used. For time-lapse imaging, an Ultraview spinning disk system was connected to a Leica (Nussloch, Germany) DMS upright microscope equipped with a 63ϫ extra-long working distance lens (Leica). Hippocampal slices were secured in a heated electrophysiology chamber (Warner Instruments, Hamden, CT) and perfused with oxygenated artificial CSF (ACSF) (125 mM NaCl, 3 mM KCl, 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 2.4 M CaCl 2 , and 10 mM glucose, 95% O 2 /5% CO 2 ) that was heated to 32-34°C (Warner Instruments). Z-stacks were taken at 3 min intervals unless specified otherwise using MetaMorph software. In pharmacology experiments, baseline time-lapse images were collected before treatment of slices with ACSF containing cytochalasin-D (5 M; Sigma) or bicuculline methochloride (20 M; Sigma). Imaging was resumed 3 min after the start of the drug treatment.
Measurements and quantifications. For quantification of spine and astrocytic process motility, a motility index was computed for astrocytic processes adjacent to spines similar to Dunaevsky et al. (1999) . Images were first thresholded in NIH ImageJ. Areas of the spines were measured as was the closest glial process adjacent to the spine within sequential maximum projected frames of the time-lapse series. The average area was then computed. Total accumulated area for neuron and glial movements was performed by summating all of the frames in a time-lapse series for each channel and measuring the maximum area. The motility index was computed by subtracting the smallest area from the total accumulated area and dividing by the average area. A total of 71 astrocyte-spine pairs taken over seven experiments were analyzed for Figure 7a -d. Because significant differences were not observed between slices kept 1-3 weeks in culture, the data were pooled for quantification purposes. In Figure 7b , a cutoff was used to separate astrocytic process motilities that were 50% larger or smaller than their corresponding spine motilities. In Figure 7c , which shows percentages of coordinated, noncoordinated, and opposite changes in astrocyte/spine morphology, a 10% increase or decrease in astrocyte or spine area between the first and last time point of an imaging series was considered growth or retraction, respectively. Spines and astrocytic processes that did not show a more than 10% change were considered stable. Thus, instances in which astrocytes and spines both showed Ͼ10% growth or retraction were considered coordinated. The movements were also considered coordinated if both showed Ͻ10% change in size. Instances in which the astrocytic process and spine showed reversed growth or retraction from each other were considered to be opposites of each other. All other instances were considered to be noncoordinated. In Figure 7e , 20 dendritic spines and 25 astrocytic pro-cesses over two experiments were analyzed. In Figure 7f , 31 dendritic spines and 49 astrocytic processes over two experiments were analyzed.
Three-dimensional reconstructions. For Figures 3, g and h, and 4 and supplemental Figure 2 (available at www.jneurosci.org as supplemental material), deconvoluted confocal Z-stacks were rendered in three dimensions using IMARIS 4.5.2 (Bitplane, Zurich, Switzerland). For Figure 4 and supplemental Figure 2 (available at www.jneurosci.org as supplemental material), synaptophysin and GLT-1/EAAT-2 proximity to dendrites were determined by masking the synaptophysin or GLT-1/EAAT-2 channel with a second three-dimensional rendering of the dendritic segment extending ϳ0.5 m from the surface shown (using IMARIS 4.5.2; Bitplane), leaving only those punctae within close proximity of the dendritic spines and shaft.
Three-dimensional quantifications. For quantification of astrocytic process extension and retraction (see Fig. 5 ), individual astrocytic processes from deconvoluted Z-stacks were isolated using contour surfaces (IMARIS MeasurementPro; Bitplane) and rendered in three dimensions (IMARIS 4.5.2; Bitplane). Volume changes were plotted over time.
For quantifications in Figure 8 , dendritic segments containing spines that were encompassed within an astrocyte domain were chosen for analysis (with the assumption that each astrocyte occupies its own territory) (see Fig. 2 ). For three-dimensional quantification of dendritic spineastrocyte profiles, contour surfaces (IMARIS MeasurementPro; Bitplane) were first used to separate dendritic shafts from spines or spine heads. Three-dimensional surfaces of spines were generated and used to mask the surrounding astrocytic channel, leaving only the overlap between spines and astrocytic processes (IMARIS 4.5.2; Bitplane). Surfaces of the overlap, or astrocytic profile, of each spine were generated and used to track volume changes. To control for artifacts caused by minor fluctuations in signal intensity or sample photobleaching, multiple dendritic shaft segments along each quantified region were used to adjust surface thresholds for spine and astrocytic profile volume rendering at each time point (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). We assumed that dendritic shaft segments were stable structures over the imaging period. In Figure 8b , percentage volume change was determined by comparing the minimum and maximum value of both spine and astrocytic profile volume over six time points at 3 min intervals (15 min total; n ϭ 32 pairs of astrocytes and spines over three experiments taken at 3 weeks in vitro).
Results

Comanipulation of neurons and astrocytes in hippocampal slices
Recent studies have described dynamic morphological changes at synapses in the nervous system with particular emphasis on postsynaptic dendritic spines (Dailey and Smith, 1996; Fischer et al., 1998; Dunaevsky et al., 1999) . However, little is known about the morphological properties of astrocytic processes that are juxtaposed to synapses and serve to modulate synaptic function. This is, in part, attributable to the lack of system that can preserve the three-dimensional architecture of astrocytes near synapses and a reliable method to express proteins in astrocytes or neurons. We overcame these issues using organotypic hippocampal slices that can be infected efficiently and selectively with viral vectors. We made use of two Semliki Forest viral strains that primarily target neurons (SFV PD) or glial cells (SFV A7) in hippocampal slices Lundstrom et al., 2003) . Viral particles were created that deliver genes for either EGFPf or RFPf. The expression and membrane tethering of these fluorescent proteins allowed enhanced visualization of fine cellular processes including dendritic spines on neurons and highly ramified astrocytic processes (Fig. 1) .
To deliver genes to astrocytes, we modified a nonvirulent strain of SFV that is known to infect glial cells (SFV A7) . To confirm that the SFV A7 strain was targeting astrocytes in our hippocampal slices, we injected slices with the virus at 7 d in vitro, allowed 16 -20 h for expression of fluorescent proteins, and subjected the slices to immunofluorescence using antibodies against several marker proteins. Protoplasmic cells expressing EGFPf were labeled with GFAP antibodies in all instances, confirming their identity as astrocytes (Fig. 1) . Imaging the cells at higher magnification showed that EGFPf extensively labeled the membrane of astrocytes including their fine processes, whereas GFAP was only localized to the main processes and central region of astrocytes ( Fig. 1g-i) . This is consistent with reports showing that GFAP is only found in the main astrocytic stalks (Bushong et al., 2002) . The targeted astrocytes were also positive for the glial glutamate transporter (GLT-1/ EAAT2) (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), indicating that viral infection and expression of membrane-bound GFP did not perturb the basic molecular properties of these cells. It further suggests that the targeted astrocytes in our system may be of the subtype that is important for glutamate reuptake (Volterra and Meldolesi, 2005) . GLT-1 was found to be clustered on the surface of these cells as has been reported previously using immunostaining of cultured astrocytes (Zhou and Sutherland, 2004) . The EGFPf labeled protoplasmic astrocytes were negative for other markers including neurofilament, NG2, CNP, and MBP (data not shown). We found that protoplasmic astrocytes expressing EGFPf were mainly confined to regions below the surface of hippocampal slices in which the virus injections were made. Similar to Benediktsson et al. (2005) , we did note the occasional presence of more simplified and thickly branched GFAP-positive cells expressing EGFPf at the superficial layers of the slice (top 10 -20 m). These cells were phenotypically different from protoplasmic astrocytes within the slice and may represent "reactive" glia. However, because our virus injections were made below the superficial layers (ϳ100 m below the surface of the slice), we mainly infected protoplasmic astrocytes that show a highly ramified morphology (Bushong et al., 2002; Ogata and Kosaka, 2002) . Thus, this system can be efficiently used to delineate and monitor both neuronal and protoplasmic astrocyte morphology.
Preservation of complex three-dimensional glial-glial and neuron-glial interactions in organotypic hippocampal slices
We observed that EGFPf-or RFPf-expressing astrocytes in hippocampal slice cultures retained their complex threedimensional morphologies, similar to what has been described with Golgi labeling or single-cell injections of fluorescently labeled probes into fixed brain tissue (Bushong et al., 2002; Ogata and Kosaka, 2002) . Furthermore, astrocytes in hippocampal slice culture also occupied highly segregated domains that were not evident when cells were labeled for GFAP (Fig. 1d-f ). This could be visualized more effectively by coinfecting adjacent astrocytes with viruses expressing either EGFPf or RFPf in the stratum radiatum of hippocampal area CA1 (Fig. 2d-f ) . Neighboring astrocytes showed only limited overlap at the periphery of their domains. This domain segregation was similar to the "tiling" observed when we used diolistics to label adjacent astrocytes in area CA1 with DiI and DiO in fixed adult hippocampal tissue (Fig. 2a-c) . These results are also consistent with studies that have characterized the spatial relationship of astrocytes using single-cell injections of dyes into adjacent cells in fixed tissue (Bushong et al., 2002 (Bushong et al., , 2004 . The maintenance of this domain segregation indicates that cellular programs or interactions that establish the boundaries between neighboring astrocytes remain intact in hippocampal slice culture.
We next turned our analysis to complex neuron-astrocyte interactions in the stratum radiatum of area CA1. Intricate threedimensional interactions between astrocytes and neurons have been described using serial electron microscopy (Ventura and Harris, 1999) . Despite the fine resolution of this methodology, it is limited to fixed tissue and requires serial sectioning coupled with electron microscopy. We were interested in establishing a system for simultaneously imaging juxtaposed neurons and astrocytes with dual-color confocal microscopy in live cells. Using combined SFV PD and A7 virus injections, we infected astrocytes that were adjacent to neurons and observed this complex morphological interplay (Fig. 3) (Ventura and Harris, 1999) . Hippocampal slices were grown for 7-21 d in vitro, and SFV PD and SFV A7 viral particles were coinjected into the neuropil of area CA1. After 16 -20 h of expression, we fixed the tissue and prepared the slices for microscopy. In each slice, we could identify several sites of neuron-glial interaction. Using confocal Z-series imaging, we obtained stacks of images of RFPf-labeled dendrites juxtaposed to EGFPf-labeled astrocytic processes and analyzed them by computer-based three-dimensional reconstruction. Similar to the observations using serial electron microscopy, astrocytes and dendrites/spines showed highly complex associations (Fig. 3g) . In many instances, astrocytes extended fine processes toward spines. In some cases, astrocytic processes fully encapsulated spines. The complex three-dimensional organization of spine-astrocyte interactions were found to be similar to experiments using diolistic labeling of fixed adult hippocampal slices (Fig. 3a-c) . Interestingly, dendrites in fixed tissue and in organotypic cultures extend freely through the domain of a single astrocyte and presumably into that of a neighboring astrocyte, ignoring those signals responsible for astrocytic segregation. Several attempts to label astrocytes overlapping with CA1 pyramidal cell dendrites in organotypic cultures using biolistic gene gun transfections gave unreliable results because of the low frequency of transfecting nearby cells with gold particles bearing different plasmids.
We confirmed that the majority of dendritic spines in our slice culture system were associated with presynaptic terminals (Fig.  4) . After 1 and 3 weeks in culture, we subjected slices to immunolabeling with anti-synaptophysin antibodies. As depicted in Figure 4 , the majority of spines showed synaptophysin labeling adjacent to RFPf-labeled dendritic spines, indicating that most of the spines have presynaptic innervation. Altogether, these results indicate that many of the properties of astrocyte-astrocyte, neuron-astrocyte, and neuron-neuron interactions are maintained and easily visible in three dimensions in organotypic slice culture. Astrocytes display a wide range of dynamic motility Most reports have described the structural properties of glial cells in dissociated cultures in which astrocytes typically exhibit a simplified two-dimensional cellular morphology. Thus, dissociated astrocytes do not fully mimic the features of astrocytes in vivo. This is in contrast to astrocytes in hippocampal slice cultures, in which the cells show complex three-dimensional morphology (Benediktsson et al., 2005) . We were interested in determining whether astrocytic processes in our system undergo dynamic changes and, if so, what were the properties of the remodeling. Slices were cultured for 1-3 weeks before injection with SFV A7 delivering EGFPf. Sixteen to 20 h later, the slices were transferred to an imaging chamber, perfused with oxygenated ACSF (32-34°C), and imaged using time-lapse confocal microscopy. Protoplasmic astrocytes showed remarkably dynamic behavior that occurred over short time periods (minutes). We observed different types of motility throughout the astrocytic domain (Fig. 5) (supplemental movie 1, available at www.jneurosci.org as supplemental material). In many cases, widespread extension and retraction (sometimes over distances of Ͼ5 m) occurred during a 15-30 min imaging period. Thin, lamellipodial-like processes were also found that showed a continuous "morphing" similar to what has been described for the head portion of dendritic spines (Dunaevsky et al., 1999). In other cases, single processes split or two processes consolidated into a single one. These results demonstrate that astrocytic processes can undergo dramatic changes in their structural organization, a behavior that may enable them to relocate their processes around synapses.
Cooperative astrocyte-dendritic spine motility
We next were interested in determining the dynamic relationship between astrocytes and dendritic spines. We focused our attention on postsynaptic spines because they have been shown to have a wide range of motile behaviors (Dailey and Smith, 1996; Fischer et al., 1998; Dunaevsky et al., 1999) and astrocytes appear to be preferentially associated with them (Lehre and Rusakov, 2002) . To investigate the dynamics between astrocytic processes and dendritic spines, we simultaneously injected slices with SFV PD and A7 and coimaged dendritic spines and astrocytic processes over time. We found that astrocytes extended and retracted processes near dendritic spines over the course of minutes (Fig. 6 ) (supplemental movies 2, 3, available at www.jneurosci.org as supplemental material). In some instances, the astrocyte-spine interactions were stable, whereas in others, striking changes in organization were observed. Using threedimensional reconstruction of Z-stacks, we confirmed that astrocytic membranes are closely associated with and appear to contact dendritic spines. After calculating a motility index for astrocytic processes adjacent to dendritic spines, we found that, on average, astrocyte motility was significantly higher than the motility of the corresponding dendritic spine ( p Ͻ 0.007) (Fig. 7) . Plotting spine motility versus astrocyte motility showed three main populations of associations between spine and astrocyte motility. In 36 of 71 cases (51%), astrocytic processes exhibit a similar level of motility as their adjacent spine. However, in 23 of 71 cases (32%), astrocytic processes showed much higher motility relative to the spine, whereas in only 12 of 71 cases (17%), spines showed higher motility than the adjacent astrocytic process.
In most cases, the relative trajectories of spine and astrocyte movements were not associated. However, astrocytic processes rapidly reconfigured their location around spine heads (Fig. 6 ) (supplemental movies 2, 3, available at www.jneurosci.org as supplemental material). Despite the lack of coordinated directional movement, 50% of spines showed cooperative changes in size (in terms of growth, retraction, or stability) with astrocytic processes, whereas 27% of spines did not show cooperative changes, and 23% spines showed opposite changes in size relative to astrocytic processes. Thus, astrocytic processes mainly show cooperative growth processes with spines, indicating a positive relationship between astrocyte and spine growth/retraction.
Dendritic spines are known to use actin-based cytoskeletal rearrangements for their motility (Fischer et al., 1998; Matus, 2000) . We were interested in whether astrocyte dynamics also used actin filament turnover. Using spine motility as an internal control, we found that application of cytochalasin-D to the perfusion media significantly reduced astrocytic process motility. Figure 7e shows the reduction in motility indexes of spines and astrocytic processes before and after application of cytochalasin-D (spines, p Ͻ 0.003, paired Student's t test; astrocytic processes, p Ͻ 0.006, paired Student's t test). These results suggest that astrocytic rearrangements in hippocampal slices use modifications to the actin cytoskeleton. However, we cannot rule out the possibility that blocking spine motility with cytochalasin-D indirectly influences astrocytic motility. Reports have also shown that disruption of actin filament reorganization with cytochalasin-D or latrunculin can affect synaptic transmission, especially after prolonged administration (i.e., Ͼ30 min) (Kim and Lisman, 1999; Korkotian and Segal, 2001) . This, in turn, may affect the motility of astrocytic processes.
To test whether general modifications to neural activity affect both spine and astrocytic motility, we calculated motility indices before and after application of the GABA A receptor antagonist bicuculline. We used bicuculline to globally increase neural activity in slices because a previous study has shown that it can stabilize rapid changes in dendritic spine shape (Korkotian and Segal, 2001) . This is in contrast to studies that have applied KCl (to generally depolarize neurons) or TTX (to block action potentials), which do not appear to significantly influence spine motility in slices (Dunaevsky et al., 1999; Oray et al., 2006) . To examine the effects of bicuculline application, we initially measured spine and astrocytic motility under control ACSF conditions. Bicuculline was then introduced into the ACSF, and, 3 min later, imaging was resumed and motility indices were calculated. We found that bicuculline significantly reduced spine motility by 28% ( p ϭ 0.002, paired Student's t test) (Fig. 7f ) . This is consistent with reports that have shown that glutamatergic signaling through AMPA receptors reduces spine motility (McKinney et al., 1999; Fischer et al., 2000) . In contrast, bicuculline did not significantly change the overall motility of astrocytes, only reducing the average motility index by 13% ( p Ͼ 0.05, paired Student's t test). However, we did notice that bicuculline application caused a Ͼ10% reduction in spine and astrocytic motility in 65 and 55% of the cases, respectively. Thus, decreasing the inhibitory tone in hippocampal slice cultures with bicuculline results in the stabilization of spines but does not significantly reduce overall astrocytic motility.
Continuous remodeling of astrocytic association with dendritic spines
An important function of astrocytes is to regulate the synaptic microenvironment by removing neurotransmitter from the extracellular space and releasing neuroactive substances (i.e., glutamate, ATP, and D-serine). This function is likely influenced by the location of fine astrocytic extensions near the synapse. We were interested in determining the degree to which astrocyte proximity could be reorganized around spines over time. We infected slices with viruses after 3 weeks in culture and subjected them to time-lapse confocal imaging. Sites of interaction between spines and astrocytic processes were reconstructed in three dimensions, and their relationship was examined (Fig. 8a) . To reduce the possibility that spines were being contacted by multiple astrocytes, we chose spines that were localized within a single astrocyte domain. We observed that larger spines were more stable, showing lower spontaneous volume changes over time (Fig.  8b) . This is consistent with our motility index analysis in which spine motility decreased with increased spine area and with in vivo data showing that larger spines are, in general, more stable (Grutzendler et al., 2002; Holtmaat et al., 2005) . Interestingly, the degree of proximity of astrocytic profiles to spines rapidly changed over the course of minutes. Figure 8a shows an example of a relatively stable mushroom-shaped spine and the change in astrocyte juxtaposition during a 15 min imaging period. Plotting the maximum volume change of the astrocyte profile over the imaging period versus the average volume of the spine showed . Dendritic spines are innervated in hippocampal slice culture. a, b, SFV PD RFPfinfected slices at 1 and 3 weeks in vitro and immunolabeled for synaptophysin (white) to label presynaptic terminals. At both time points, the majority of CA1 pyramidal cell dendritic spine heads (red) are innervated by presynaptic terminals (arrowheads), whereas only a small proportion are not (arrows). Spines that show association of synaptophysin punctae on the neck are not labeled. Shown are images of the synaptophysin labeling before and after performing a three-dimensional "masking" procedure to preserve only the synaptophysin punctae that are associated with the dendrite (see Materials and Methods). Scale bars, 1 m.
that spines with greater volume have more stable contacts with astrocytic processes (Fig. 8b) . These results suggest that the stability of glial associations with the postsynaptic surface can differ based on spine size and that glial processes are more stable around larger spines.
Discussion
Structural plasticity of the CNS is widely believed to be important for brain function (Segal, 2005; Haber and Murai, 2006) . Although most studies have focused on morphological plasticity of dendritic spines, little is known about the properties of astrocytic processes that modulate synaptic function. Historically, glia have been depicted as static elements of the nervous system that simply provide metabolic and structural support for neurons (Volterra and Meldolesi, 2005 ). Here we provide evidence that astrocytes show remarkable morphological plasticity over minutes and display intricate process extension and retraction events that likely use the actin cytoskeleton. Using simultaneous manipulation of neurons and glia in hippocampal slices, we characterized the complex morphological interplay between astrocytes and postsynaptic dendritic spines. Astrocytic movements, although not necessarily synchronized with spine motility, show cooperative changes with spines. Furthermore, astrocytes can continuously redefine their juxtaposition to the postsynaptic surface, and the extent of this reorganization appears to be related to spine size. Our results suggest that concerted structural changes of both neurons and glia contribute to synaptic plasticity in the hippocampus.
Spine movements likely change the association of synapses with components in the surrounding extracellular space, including glial cell processes (Dunaevsky et al., 2001) . Serial electron microscopy indicates that ϳ57% of hippocampal synapses are juxtaposed with astrocytic processes at a given time (Ventura and Harris, 1999) . This is consistent with our results demonstrating that many spine-astrocyte interactions are transient and that only a subset of spines may be in direct contact with an astrocyte at a particular moment. Remarkably, processes of astrocytes are, on average, more motile than their dendritic spine counterparts. Thus, astrocytic motility may have a greater impact on governing the extent of glial coverage over synapses in the hippocampus. Properties of astrocyte-spine interactions. a, Astrocytic processes have significantly higher motility indices (MI) than spines (n ϭ 71 spine-astrocyte pairs from 7 experiments; p Ͻ 0.007, paired Student's t test; error bars represent SEM). b, Plot of astrocyte versus spine motility reveals three populations of interactions: astrocytes with similar (51%, astrocyte MI/spine MI is Ͼ0.5 but Ͻ1.5; circles, line represents best fit), greater (32%, astrocyte MI/ spine MI is Ͼ1.5; squares), or less (17%, astrocyte MI/spine MI is Ͻ0.5; triangles) motility than dendritic spines. c, Approximately 50% of astrocytic process-spine pairs show coordinated changes in size over time, 27% are not coordinated, and 23% show opposite changes (10% cutoff for increases or decreases in size; see Materials and Methods; error bars represent SEM). d, Plot of spine motility index versus average spine area. Spines with greater area show less motility. Curve represents a power trend. e, Cytochalasin-D treatment (5 M) reduces both spine and astrocyte motility. Motility indexes calculated before (circles) and after (squares) the start of cytochalasin-D (Cyto-D) treatment for individual spines and astrocytic processes (spines, p Ͻ 0.003, paired Student's t test, n ϭ 20 spines; astrocytic processes, p Ͻ 0.006, paired Student's t test, n ϭ 25 astrocytic processes). f, Perfusion of bicuculline (20 M) significantly reduces the motility of dendritic spines but not astrocytic processes. Motility indexes calculated before (circles) and after (squares) the start of bicuculline application for spines and astrocytic process (spines, p ϭ 0.002, paired Student's t test, n ϭ 31 spines; astrocytic processes, p Ͼ 0.05, paired Student's t test, n ϭ 49 astrocytic processes). The proximity of astrocytes to dendritic spines in the hippocampus is known to be different from neuron-glial interactions in other systems, such as the cerebellum in which Bergmann glial extensions can fully encapsulate parallel fiber/Purkinje neuron synapses (Grosche et al., 2002) . The arborization of Bergmann glial processes is organized into discrete microdomains that respond independently to synaptic activity (Grosche et al., 1999) . The overall extent of glial proximity at spines may reflect the basal physiological level of neuron-glial interplay that takes place at different synapse subtypes. However, like in the hippocampus, Bergmann glia processes appear to have a preference for localizing near postsynaptic dendritic spines (Lehre and Rusakov, 2002) . This may indicate a common function for glial appendages in modulating postsynaptic function. It would be interesting to determine whether Bergmann glia have more stable contacts with Purkinje neuron spines than astrocytic processes with CA1 pyramidal cell spines in the hippocampus.
What is the physiological importance of dynamic neuronglial interactions in the brain? Astrocyte motility may regulate the positioning of key molecules (i.e., glutamate transporters) that actively control the properties of the synaptic microenvironment (Huang and Bergles, 2004) . This is in addition to the ability of astrocytes to partition the extracellular space and influence the diffusion of neuroactive substances (Sykova, 2004) . This could control the degree of glutamate spillover onto neighboring synapses and modify heterosynaptic plasticity (Kullmann and Asztely, 1998; . The positioning of astrocytic processes may also serve to localize glial machinery for vesicular-mediated release of glutamate, ATP, and D-serine in response to synaptic activity (Bezzi et al., 1998 (Bezzi et al., , 2004 Kreft et al., 2004; Zhang et al., 2004; Mothet et al., 2005) . ATP released from astrocytes and its subsequent breakdown to adenosine suppresses synaptic transmission through adenosine receptors and possibly expands the range of synaptic plasticity (Pascual et al., 2005) . D-Serine, which binds to the high-affinity glycine site of NMDA receptor subunits, can directly regulate channel function and modulate LTP (Yang et al., 2003; . Thus, structural modifications to astrocytes may have widespread affects on the physiological properties of synapses.
Simultaneous modifications of neuronal and glial cell morphology are known to take place in the brain and have been linked to behavior. For instance, naturally occurring changes in dendrites and astrocytes occur during the estrus cycle. Dendritic spine density is increased on pyramidal cells (Woolley et al., 1990) , whereas astrocyte volume becomes lower in area CA1 of the hippocampus during proestrus, a time when estrogen levels peak during the reproductive cycle (Klintsova et al., 1995) . Structural changes in spines and astrocytes have also been reported to take place after LTP induction (Wenzel et al., 1991; Segal, 2005) , experimental models of epilepsy (Hawrylak et al., 1993; McKinney, 2005; Zha et al., 2005) , and when rodents are reared in an enriched environment (Berman et al., 1996; Jones and Greenough, 1996; Soffie et al., 1999) . Astrocytes also modulate synaptic efficacy of magnocellular neurons of the supraoptic nucleus of the hypothalamus by extending and retracting their processes. This remodeling occurs during lactation, pregnancy, and episodes of dehydration and coincides with differential neuronal firing patterns . However, the time course (minutes, hours, or days) of these events and the properties of the glial changes involved remain to be clarified.
Our results demonstrate that morphological changes in astrocytes can be rapid, occurring within minutes in hippocampal slice culture. This may be important for physiological changes that are induced over short time periods such as LTP. However, it should be mentioned that organotypic slice cultures cannot not fully mimic the properties of the intact brain. Although neuronal remodeling is remarkably similar in organotypic cultures and in vivo (Dunaevsky et al., 1999; Grutzendler et al., 2002; Trachtenberg et al., 2002; Oray et al., 2006) , associational/commissural and afferent connections of the hippocampus with other brain regions are lost in organotypic preparations. This could alter the degree of activity of astrocytes and influence their motility. Although in vivo imaging has its own limitations with regard to imaging glia (i.e., potential acute damage to the brain, the need of anesthesia), it will likely enable a full appreciation of the extent of astrocytic remodeling in the brain.
Interestingly, accumulating evidence indicates that glutamate controls the structural features of both neurons and glial cells. For example, glutamate stabilizes spines when spontaneously released from presynaptic terminals (McKinney et al., 1999) and causes the formation of small protrusions from the spine head when focally applied (Richards et al., 2005) . Glutamate signaling through AMPA receptors is known to stabilize the actin cytoskeleton and spine motility (Fischer et al., 2000) . Astrocytes also display a structural response to glutamate by increasing the number of surface filopodia within minutes of its application to dissociated glial cultures (Cornell-Bell et al., 1990) . Furthermore, overlaying neurons on monolayers of cultured astrocytes induces astrocytic filopodia formation at sites of membrane contact, an effect that is potentially caused by the local release of neurotransmitter (Cornell-Bell et al., 1990) . In the cerebellum, activation of AMPA receptors on Bergmann glia is also required for the maintenance of neuron-glial interactions (Iino et al., 2001 ). Thus, changes in glutamatergic transmission, as occurs during shortand long-term synaptic plasticity, may lead to rapid and concerted structural modifications of neurons and glial cells.
Perhaps the level of synaptic activity determines the extent of astrocytic association with the synapse. Recent data indicate that increases and decreases in synaptic efficacy accompany spine enlargement and retraction, respectively. This correlates with our data suggesting that spine and astrocytic growth and retraction are coordinated in ϳ50% of the cases. Furthermore, astrocytic processes appear to be more stable around spines with larger volume. This is consistent with the finding that astrocytic processes are prevalent around the majority of large, perforated synapses that have a discontinuous postsynaptic density (Ventura and Harris, 1999) . Astrocytes may be attracted to larger synapses with potentially greater neurotransmitter release probability (Harris and Sultan, 1995) . However, globally reducing inhibitory transmission with bicuculline decreases spine dynamics, although not significantly changing overall astrocytic motility. Thus, astrocytes appear to retain their ability to actively remodel under conditions in which spine motility is generally suppressed. Intercellular signaling through molecules such as ephrins and Eph receptors could help coordinate the reorganization of neuron-glial interactions, ultimately regulating the stability of the synapse (Murai et al., 2003; Haber and Murai, 2006) . Future studies will use this system to determine how activity may change the astrocytic-synapse relationship and elucidate the molecular machinery involved.
